Spinal degenerative changes may occur following the rapid growth observed in adolescents, causing a reduced quality of life. The suppressor of cytokine signaling (SOCS) is involved in various degenerative diseases. The current study recruited adolescents with spinal degenerative disease (SDD) to identify the effect of SOCS-3 on leptin and tumor necrosis factor-α (TNF-α) levels in this disorder. From January 2010 to January 2016, 120 adolescents (aged 14 to 25) were enrolled in the current study, with 68 diagnosed with SDD and the remaining 52 treated as controls. Nucleus pulposus cells (NPCs) were extracted and cultured in vitro. TNF-α levels in NPCs were determined using flow cytometry. Degenerative NPCs were then transfected with pCR3.1-SOCS-3 and ELISA was performed to determined TNF-α and leptin levels. RT-qPCR was performed to measure the mRNA level of SOCS-3 and leptin in NPCs and western blotting was utilized to detect the protein level of leptin and the extent of leptin receptor phosphorylation. The results revealed that TNF-α levels in degenerative NPCs were higher than those in normal NPCs. The overexpression of SOCS-3 reduced levels of TNF-α and leptin in degenerative NPCs. In addition, the upregulation of leptin increased SOCS-3 levels in a concentration-dependent manner. Furthermore, the expression of the leptin receptor and phosphorylated leptin receptor gradually decreased with increasing leptin concentrations and the level of phosphorylated leptin receptor negatively correlated with SOCS-3 expression. The inductive effect of leptin on the level of SOCS-3 and the inhibitory effect of SOCS-3 on the activity of leptin were identified. The current study demonstrated that SOCS-3 reduces leptin and TNF-α levels in degenerative NPCs from adolescents, indicating its potential role in the development of novel SDD therapies.
Introduction
Degenerative changes frequently occur in the spine and may present with or without back pain (1) . More specifically, spinal degeneration is a disorder with an increasing frequency as a result of aging populations (2) . Degenerative changes in intervertebral discs commonly occur in the third and second decade of life in females and males, respectively (3) . In comparison with the dorsal spine, the cervical and lumbar spine are more commonly affected by degeneration (4) . Patients suffering from spinal degenerative disease (SDD) experience back pain, radicular pain and stiffness, resulting in a reduced ability to work and a lower quality of life (5) . Previous studies have revealed the prevalence of SDD in adolescents, which is associated with active participation in sports (6) (7) (8) . The role of inflammatory cytokines in spinal diseases has been increasingly documented. Omair et al (9) have revealed that inflammation exacerbates the severity of lumbar disc degeneration, pain and disability. In addition, spinal cord injury induces inflammation via the activation of innate immune responses, causing axonal degeneration, demyelination and neuronal death (10) . Furthermore, it has been demonstrated that the suppressor of cytokine signaling-3 (SOCS-3) serves as a potent regulator of inflammation (11) and spinal disease (12) . Based on these previous findings, the current study hypothesized that SOCS-3 may have a potential role in SDD.
SOCS-3, a member of the SOCS protein family, combines with glycoprotein 130 or with Janus Kinase (JAK) 1 and JAK2 to suppress signal transduction (13) . Osuka et al (14) reported that SOCS-3 molecules may serve as modulators in the degeneration of chondrocytes within herniated discs by negatively regulating the expression of JAK1 and signal transducer and activator of transcription 3 (STAT3). A previous study also demonstrated that enhanced SOCS-3 inhibits proliferation and inflammation in osteoarthritis (15), a degenerative joint disorder (16) . In addition, SOCS-3 is a pivotal feedback inhibitor of leptin, while leptin induces the expression of SOCS-3 (17, 18) . Leptin is a 16 kDa hormone and a product of the "ob" gene, which is generated by white adipocytes and regulates the intake of food and the balance of energy (19, 20) . Leptin is also a direct regulator of bone growth, inducing osteoblast proliferation, collagen synthesis and bone mineralization (21) . In addition, tumor necrosis factor-α (TNF-α) is a prominent regulator of disc degeneration and lower back pain, exacerbating inflammatory processes (22) . SOCS-3 regulates proinflammatory TNF-α signal transduction by suppressing TNF-α-mediated signaling in hepatitis C virus infection (23) . The current study assessed the effect of SOCS-3 on SDD in adolescents, as well as its involvement in regulating leptin and TNF-α. The results revealed that SOCS-3 protects degenerative nucleus pulposus cells (NPCs) against SDD in adolescents by modulating leptin and TNF-α.
Materials and methods
Ethics statement. The experimental protocols of the present study were approved by the Ethical Committee of the Affiliated Huai'an No.1 People's Hospital of Nanjing Medical University (Huai'an, China). All patients provided signed informed consent.
Patients. From January 2010 to January 2016, 120 adolescents (age range, 14-25 years) admitted to The Affiliated Huai'an No.1 People's Hospital of Nanjing Medical University were selected for participation in the current study. X-ray and magnetic resonance imaging (MRI) scans were performed. The inclusion criteria were as follows: Patients >20 years; patients that were diagnosed with SDD based on the following: Cervical spondylosis, cervical spinal stenosis, ossification of the posterior longitudinal ligament of the cervical vertebra, posterior longitudinal ligament ossification of the cervical vertebra, thoracic disc herniation, thoracic spinal stenosis, ossification of the posterior longitudinal ligament of the thoracic vertebra, lumbar disc herniation, lumbar spinal stenosis, non-traumatic spinal instability or spondylolisthesis. The exclusion criteria were as follows: Patients with cognitive or communication disorders that were unable to complete the scale and express their feelings clearly; patients who are critically ill or have other chronic diseases that lead to life dysfunction; patients that had experienced trauma, including spinal fracture within 3 months; and patients diagnosed with spinal neoplasms, tuberculosis or ankylosing spondylitis. According to Gries' scoring standard (24), a total of 68 patients (46 males and 22 females; mean age, 18.89±2.78) with a score of 1, 2 and 3 were diagnosed with mild (n=21), moderate (n=28) and severe (n=19) spinal degeneration, respectively. Those who scored 0 exhibited no degeneration in the spine (n=52; 29 males and 23 females; mean age, 18.27±2.41) and served as controls. Comparisons of age (t=1.42; P=0.16) and sex (χ 2 =1.77; P=0.18) between the patients and controls were not statistically significant. Of the 68 patients recruited, 43 patients were selected randomly to obtain their NPCs. These NPCs were then subdivided into three treatment groups as mentioned below.
Isolation and culture of NPCs. Degenerative NPCs were extracted from patients via puncture to the nucleus pulposus of the intervertebral disc. Normal NPCs were extracted from intervertebral disc tissue of the lesions following surgery for acute trauma. PBS was utilized to wash tissue in a sterile environment. NPCs were isolated (25) , cut into sections (diameter, 2-3 mm), washed twice with PBS, digested with 0.2% protease at 37˚C for 60 min and then digested with 0.02% type II collagenase overnight at 37˚C. After the detachment was terminated with Dulbecco modified Eagle medium Ham's F-12 (DMEM/F12; Thermo Fisher Scientific, Inc.), the NPCs were centrifuged at 201 x g (5 min, 3 times) at room temperature. NPCs were collected, counted using cell-counting boards, and inoculated into a 25 cm culture flask at a density of 1x10 6 cells/ml. DMEM/F12 with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) and 1% penicillin-streptomycin was subsequently added, and cells were incubated with 5% CO 2 at 37˚C for 7-10 days until cells covered the whole wall of the culture flask. During incubation, culture medium was refreshed every 3 days.
Cell Construction and transfection. pCR3.1-SOCS-3 and pCR3.1 were purchased from Invitrogen (Thermo Fisher Scientific, Inc., Waltham, MA, USA). NPCs were divided into the following four groups: The blank group (degenerative NPCs without transfection), the pCR3.1-SOCS-3 group (degenerative NPCs transfected with pCR3.1-SOCS-3), the pCR3.1 group (degenerative NPCs transfected with pCR3.1) and the normal group (normal NPCs without transfection). NPCs extracted and cultured from 42 SDD patients were allocated evenly into the following three groups: The blank group, the pCR3.1-SOCS-3 group and the pCR3.1 group, with 14 patients in each group. Passaged NPCs were inoculated into 24-well plates at a density of 4x10 4 cells/well for 24 h at 37˚C. Cells were then transfected when the confluence of adherent cells reached 30-50%. A total of 50 µl Opti-MEM (Gibco; Thermo Fisher Scientific, Inc.) was used to dilute 20 pmol pCR3.1-SOCS-3 and pCR3.1, which were then gently mixed. Opti-MEM (50 µl) was used to dilute 1 µl liposome Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.), which was mixed and incubated at room temperature for 5 min. Diluted pCR3.1 plasmids and liposome Lipofectamine 2000 were then mixed and incubated at room temperature for 20 min. Each well received a mixture of liposome and vectors (100 µl) and was added with DMEM/F12 (Gibco; Thermo Fisher Scientific, Inc.) with 10% FBS (Gibco; Thermo Fisher Scientific, Inc.) and 1% penicillin-streptomycin. Cell culture plates were then incubated with 5% CO 2 at 37˚C for 8 h. The culture medium (DMEM/F12 with 2% FBS) was then replaced with DMEM-F12 cell culture medium with 10% FBS and incubated at 37˚C for 48 h.
Flow cytometry. After NPCs of each group were digested with trypsin and counted, they were resuspended in an Eppendorf (EP) tube at a density of 2x10 5 and incubated with 5 µl Human TruStain FcX™ (Fc receptor blocking solution; BioLegend, Inc.) at room temperature for 5-10 min. Subsequently, cells were probed with PE-labeled monoclonal antibodies against TNF-α (1:20; cat. no. MABF352; Sigma-Aldrich; Merck KGaA) and FITC-labeled Annexin V (1:10; cat. no. ab63556; Abcam) at 4˚C for 30 min. After cells were centrifuged three times at 201 x g (5 min each) at 37˚C, the aforementioned antibodies were washed with cell staining buffer. Flow cytometry was performed detection, and flowJo V10.0.7 software (FlowJo LLC) was applied for analysis.
ELISA. After cells in each group were cultured for 12, 24 or 48 h, cell supernatants were collected. TNF-α (cat. no. 555268; BD Pharmingen; BD Biosciences, San Jose, CA, USA) and leptin (SBJ-H1014, Nanjing SenBeiJia Biological Technology Co., Ltd., Nanjing, China) levels were detected using ELISA kits. The optical density (OD) value was determined at 450 nm. TNF-α and leptin levels in samples were calculated using a standard curve.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR). NPCs from the blank, pCR3.1-SOCS-3, pCR3.1 and normal groups were collected. SOCS-3 levels were detected using RT-qPCR. Leptin at different concentrations (0, 1, 2.5, 5, 10 and 15 mM) were added to degenerative NPCs, and following 48 h, cells were collected. The levels of leptin and SOCS-3 were examined following RT-qPCR. Total RNA was extracted from the NPCs of each group using TRIzol (cat. no. 1559602; Invitrogen; Thermo Fisher Scientific, Inc.) and then reversely transcribed to cDNA. First strand cDNA was synthesized using the High-Capacity cDNA reverse transcription kit (Applied Biosystems; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. Subsequently, 1 µl cDNA was added to 25 µl of a quantitative fluorescence reaction system (SYBR Green Realtime PCR Master Mix; cat. no. QPK-201; Toyobo Life Science) containing, forward primer (10 µM; 0.5 µl), reverse primer (10 µM; 0.5 µl), SYBR Green Real-time PCR Master Mix (12.5 µl; cat. no. QPK-201; Toyobo Life Science) and nuclease-free water (10.5 µl). ABI 7500 PCR (Applied Biosystems; Thermo Fisher Scientific, Inc.) was used to analyze curves of PCR amplification and solubility. The primer sequences were as follows. Leptin forward, 5'-ATG CAT TGG GAA CCC TGT GCG G-3' and reverse, 5'-TGA GGT CCA GCT GCC ACA GCA TG-3'; SOCS-3 forward, 5'-CTA CGC ATC CAG TGT GAG GG-3' and reverse, 5'-TGA GTA CAC AGT CGA AGC GG-3'; β-actin forward 5'-TTG CCG ACA GGA TGC AGA AGG A-3' and reverse, 5'-AGG TGG ACA GCG AGG CCA GGA T-3'. The thermocycling conditions were as follows: 50˚C for 2 min, 95˚C for 2 min, 95˚C for 15 sec, 60˚C for 30 sec and 40 cycles of amplification. Melting curves were then drawn using 95˚C for 15 sec, 60˚C for 1 min, 85˚C for 15 sec and 60˚C for 15 sec. Finally, results were obtained using the 2 -ΔΔCq method (26) , with β-actin as an internal reference. Experiments were repeated three times for each sample.
Western blot analysis. Recombined human leptin proteins at final concentrations of 0, 1, 2.5, 5, 10 and 15 mM were added to cells from each group in accordance with experimental requirements. Following 48 h, cells from each group were collected. Changes in SOCS-3 levels were determined via western blotting (27, 28) . Prepared protein samples (20-60 µg/l) were isolated via 12% SDS-PAGE. Electrophoresis (80-120 V) was immediately terminated once bromophenol blue reached the bottom of the gel. Protein was then transferred onto nitrocellulose membranes for 1.5 h at 100 V. After washing with PBS containing 0.5% Tween 20 (PBST), the membranes were blocked in 5% skimmed milk at room temperature for 2 h. The following primary antibodies were then added and incubated at 4˚C overnight: GAPDH (cat. no. ab37168; 1:1,000), SOCS-3 (cat. no. ab16030; l:1,000), leptin receptor (cat. no. ab5593; l:2,000), leptin (cat. no. ab3583; l:500) and phosphorylated leptin receptor (cat. no. PA5-64634; l:5,000). Membranes were washed four times with PBST (each, 10 min) and incubated with secondary antibodies (horseradish peroxidase-conjugated goat anti-rabbit IgG (cat. no. ab97051; 1:2,000) at room temperature for 2 h on a shaking table (HS 501 digita; IKA-Werke, Staufen, Germany). All antibodies were purchased from Abcam. Membranes were then washed four times with PBST (each, 10 min) and developed using a chemiluminescence (ECL) fluorescent detection kit (cat. no. BB-3501; GE Healthcare, Chicago, IL, USA). ImageJ 1.46r software (National Institutes of Health, Bethesda, MD, USA) was utilized to quantitatively analyze the molecular weight and net optical density value of target bands, with GAPDH used as a reference.
Statistical analysis. SPSS 20.0 software (IBM Corp., Armonk, NY, USA) was utilized for data analysis. Data are expressed as the mean ± standard deviation. Normal distribution and variance homogeneity were tested for all the data. The statistical significance of data with normal distribution and equal variance between two groups were compared using an unpaired t-test. Comparisons among multiple groups were analyzed using one-way analysis of variance or repeated measurement analysis of variance, followed by a Tukey's post-hoc test. Data with a skewed distribution or heterogeneity of variance were compared using a rank sum test. The correlation between SOCS-3 and phosphorylated leptin receptor levels were analyzed using a Pearson's correlation test. P<0.05 was considered to indicate a statistically significant difference.
Results

Overexpression of SOCS-3 decreases TNF-α levels in degenerative NPCs.
To assess the expression of TNF-α in degenerative NPCs transfected with SOCS-3, flow cytometry was performed. The number of TNF-α positive cells and the MFI of the blank group were significantly higher than that of the normal group (P<0.05). TNF-α was overexpressed in degenerative NPCs and underexpressed in normal NPCs. Following degenerative NPC transfection, the number of TNF-α positive cells and the MFI of the pCR3.1-SOCS-3 group significantly decreased when compared with the pCR3.1 group (P<0.05; Fig. 1 ). These data indicate that SOCS-3 overexpression results in a significant reduction of TNF-α in degenerative NPCs.
Overexpression of SOCS-3 decreases levels of TNF-α and leptin in degenerative NPCs.
To assess the effect of SOCS-3 on TNF-α and leptin in degenerative NPCs, ELISA was performed. As presented in Fig. 2 , TNF-α and leptin levels were significantly higher in the blank group compared with the normal group at 12, 24 and 48 h (P<0.05). Following the transfection of degenerative NPCs, levels of TNF-α and leptin were significantly decreased in the pCR3.1-SOCS-3 group compared with the pCR3.1 group (P<0.05), indicating that levels of TNF-α and leptin were increased in degenerative NPCs without treatment and remained relatively low in normal NPCs. The results revealed that the overexpression of SOCS-3 reduces the level of TNF-α and leptin in degenerative NPCs.
Leptin induces SOCS-3 mRNA levels. To assess the mechanism and function of SOCS-3 and leptin in NPCs, their expression was determined using RT-qPCR. SOCS-3 was revealed to be poorly expressed in degenerative NPCs compared with normal NPCs (P<0.05). SOCS-3 mRNA levels in the pCR3.1-SOCS-3 group were markedly higher than those in the pCR3.1 group (P<0.05). However, SOCS-3 mRNA levels in the pCR3.1 group were not significantly different from those in the blank group (Fig. 3A and B) . Following degenerative NPC culture with increasing concentrations of leptin for 48 h, SOCS-3 mRNA was induced in a concentration-dependent manner (Fig. 3C and D) .
Leptin increases SOCS-3 protein levels in a concentrationdependent manner. The ability of SOCS-3 to influence the biological function of leptin in NPCs was assessed. The leptin receptor itself does not possess tyrosine kinase activity and therefore is phosphorylated by leptin only. Different concentrations of leptin were added to degenerative NPCs to induce the upregulation of SOCS-3 for 48 h. Leptin expression and leptin receptor phosphorylation was determined using western blotting. The results demonstrated that SOCS-3 protein levels increased gradually with increasing concentrations of leptin in degenerative NPCs (Fig. 4A) . However, the extent of leptin receptor phosphorylation (Fig. 4B ) gradually decreased with increasing leptin concentrations. A Pearson's correlation analysis was performed to assess the correlation between SOCS-3 and phosphorylated leptin receptor levels. The results revealed that phosphorylated leptin receptor levels were negatively correlated with SOCS-3 levels (Fig. 4C) . Thus, leptin induces SOCS-3 in a concentration-dependent manner.
Discussion
Although SDD is rare in pediatric and adolescent populations, those affected experience a reduced quality of life and suffering (29) . The SOCS family [comprised of eight genes (SOCS1 to SOCS7 along with CIS) that share similar structures], function as negative mediators of cytokine signaling and serve a critical role in the immune system (30, 31) . The current study assessed the effect of SOCS-3 on adolescent SDD and its association with leptin and TNF-α. The results demonstrated that the overexpression of SOCS-3 reduced leptin levels and inhibited TNF-α, providing a theoretical foundation for SDD treatment in adolescents.
Initially, the present study revealed that the number of TNF-α positive cells in degenerative NPCs was significantly higher compared with normal NPCs, indicating that TNF-α is overexpressed in the former. Furthermore, the number of TNF-α positive cells in degenerative NPCs transfected with pCR3.1-SOCS-3 were reduced compared with those transfected with pCR3.1, indicating that the overexpression of SOCS-3 decreases TNF-α levels. TNF-α is a proinflammatory cytokine that contributes to inflammation-induced disease pathology, while SOCS proteins function as suppressors of cytokine signaling and mediators of inflammation (23) . A previous study determined the prominent role of SOCS-3 in herniated lumbar disc degeneration by inhibiting the JAK/STAT3 signaling pathway (14) . SOCS-3 also exhibits anti-inflammatory and anti-proliferation effects in osteoarthritis by downregulating levels of nuclear factor-κB and cyclooxygenase 2 (15) . Dai et al (32) demonstrated that the upregulation of SOCS-3 expression results in reduced TNF-α levels and the regulation of Kallikrein-binding protein. Furthermore, Collino et al (33) determined that SOCS-3 restoration leads to a decreased local inflammatory response by suppressing levels of TNF-α in patients with acute kidney injury (33) .
The ELISA results of the current study demonstrated that levels of TNF-α and leptin at 12, 24 and 48 h in degenerative NPCs were significantly higher than in normal NPCs. Following transfection with pCR3.1, levels of TNF-α and leptin in the pCR3.1-SOCS-3 group decreased to a greater extent than in the pCR3.1 group. This indicates that TNF-α and leptin are overexpressed in degenerative NPCs free of any treatment and underexpressed in normal NPCs. Furthermore, overexpressed SOCS-3 was determined to decrease TNF-α and leptin levels in degenerative NPCs. A previous study by Ohtori et al (34) revealed that more TNF-α immune-reactive cells were observed in the nucleus pulposus from adolescent patients with lumbar disc herniation with compared with adolescent patients with nonpainful scoliosis, indicating that TNF-α may be associated with disc degeneration and pain in adolescent patients with lumbar disc herniation. TNF-α was also revealed to initiate early stage disc degeneration, which indicates that it may be an early pathogenetic factor in disc degeneration (35) . In addition, Wang et al (36) determined that leptin levels were elevated in rat models of femoral fracture and traumatic spinal cord injury.
In addition to the inhibitory effect of SOCS-3 on leptin, the results indicated that leptin induces SOCS-3 expression. SOCS-3 has been reported to negatively regulate leptin in patients with osteoarthritis (37). Yang et al (38) also demonstrated that SOCS-3 negatively regulates leptin signaling in the hypothalamus and that leptin induces SOCS-3, thus preventing leptin signaling and indicating that SOCS-3 functions as a regulator of leptin sensitivity (38) . Furthermore, a previous study determined that high-dose leptin triggers the increased expression of SOCS-3 in people that are obese (39) .
In conclusion, the present study revealed that the upregulated expression of SOCS-3 may be a novel treatment target for SDD, as SOCS-3 overexpression may alleviate SDD by reducing leptin expression and TNF-α levels. However, the relatively small sample size in the current study may have influenced the results obtained. Thus, further studies with larger sample sizes should be performed to explore the protective value of SOCS-3 in adolescent patients with SDD. It is anticipated that with a further understanding of SDD, SOCS-3 and leptin may be a promising target for the prevention and treatment of SDD in adolescents.
